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DOCUMENTATION FOR PROGRAM SIMICE

Introduction

Program SIMICE calculates the conditions under which a model should be
tested to maintain similitude between it and a prototype. It attempts to
maintain the following constant between the model and prototype:

(1) collection efficiency, Em,

(2) heat transfer flux, q/A, and

(3) the flux oleiquid water approaching the body under test,
grams/meter” /sec. .

The program solves for the liquid water content (LWC), the free mtream
velocity (V ), and average droplet diameter (D) of the model from various
input data.® The equations modelling these phenomena are nonlinear in form
and are solved by the well-known Broyden technique.

The user has flexibility in the data input and output. The inputs from
a file are checked for reasonableness. The user must input initial values
of the independent variables which are at least reasonable approximations to
the final solution or the Broyden procedure may fail.

The program writes out the following:

(1) intermediate results from the BROYDEN program to the file DELBRO.DAT;

(2) any error messages or flags which may be encountered to the file
SIMICY.ERR; and

(3) the input data and calculated values to the terminal or lineprinter.

This method of handling the output permits the user to obtain the principal
output in a highly-presentable form while, at the same time, having available
intermediate and other output for more detailed inspection.

The program is highly structured, and cop .ously supplied with COMMENT
statements and, therefore, easily understood. It consists of the main program
SIMICE and 14 subprograms. Program SIMICE

a) reads in the necessary starting data (S.e DATA INPUT section);

b) sets up the system of equations to be sclved;

¢) calls on subroutine DELBRO (the Broyden routine) which solves the
equations; and

d) writes out the final results.

The subprograms (described in greater detail below) perform various chores
such as

a) calculation of physical properties;
b) calculation of values of such quantities as the heat transfer
coefficient, hc’ collection efficiently, Em’ etc.

This structure makes it possible for the user to easily replace current
correlations with improved versions if and when they become available.
AIR FORCE OFFICE OP SCIENTIFIC RESEARCH (APSC)
NOTICE OF TRANSMITTAL T0 DDC
This technical report has been reviewed and is
approved for public rclease IAW AFR 190-12 (7b).
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Mathematical Background

The basic procedure used to find the conditions for the model tests
scaled-down from the prototype test results according to the principals of
similitude 1is as follows:

1) write three equations governing the relevant physical phenomena and
their scaley-down and
2) solve these equations for the three unknowns.

The three unknowns referred to are:

LWCf = Liquid Water Content for the model.

Vof = Free stream velocity for the model.

Df = Average droplet diameter for the model.

Other variables are brought in as parameters which can be changed as
necessary by the user of the program.

The physical phenomena whose equalities are to be maintained between the
model and the prototype are:

(1) the collection efficiency, Em;
(2) the heat transfer flux, q/A; and
(3) the flux of liquid water approaching the body under test.

The equations which model these phenomena are nonlinear in form. They are
solved by the Broyden technique (2) using a program developed by Dr. J.D. Perkins.

To facilitate the numerical work the program referred to above uses the
ratios

X(1) (LWC)m/(LWC)f
X(2) Dm/Df
X(3) = vom/vof
where the subscript f refers to the model and m to the prototype.

The three equations are developed in greater detail below.
Collection Efficiency = Em. The collection efficiency Em is a function of K°(9):

Em = f'(K )
where K = A/AK
o) s
AN = fZ(ReD)
and
pVv D2

We want (Em)p = (Em)m

(Em)f will equal (Em)m if (Ko)f = (Ko)m .




In the equations below the subscript f(referring to the model)became P,

So, . /A, ( K, )
gy | Ky
or Mgy -1
X, | 0P,
or Vm D:' ch f 2 (NROD)m 1

2
vp Dp Lem f2(NR0D)p

Let L = R and the above equation becomes
2
f(Npe)m
£ (NRe) P
or 5
F, =R - Yo\ [Pm_ fMrely =0
4 (NReD) P

Heat Transfer Flux = q/A . After Messinger(6), the heat flux to or from the
body under study (tg < 32°F) :

Voo Pgi—Po
a/A = h [(t_ -t - TV ) + 2.90L_ (Csi )]
2g JC P
c pa o
2
Voo
2- - - - -
Rw [Cw(3 tw) 144 C1(32 tse) chJ ]
We want

(q/A)p = (q/A)m

or (/) / (a/a)) = 1

or F, = 1.0 - (a/A)/ (@/A) = 0O
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Water Flux = (LWC)(VO)

We want
k (We) (V) | = (WWO) (V)
F
or
(LWC)m vom
F3 =1, - " v = 0
(Lwey op

The above equations appear as follows in the program:

- QAM = (q/A)m
RAM = (A/))
s m
F(1) = 1.0 - QAM/(q/A)p
F(2) = R - X(3)*X(2)**2*RAM/(>\/AS)p
£(3) = 1. = X(1)*X(3)

Trial values of X(l), X(2) and X(3) are continued until these three functions are
arbitrarily close to zero.
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SUBPROGRAMS

Each subprogram is discussed briefly below,

SUBROUTINES DELBRO, BOUNDR, and GJINV

These three subroutines together solve systems of nonlinear equations
iteratively. They are based on the Broyden technique (2) as modified by the
More-Cosnard procedure(8). The program was written by Dr. J. D. Perkins, Im-
perial College, London. ‘

The user must supply the set of functions F(I), set up the initial values
of the independent variables X(I1), and input boundary values of _» BOUND(I),
within which the program attempts to find a solution. Other input parameters
are explained by rather detailed comments in DELBRO.

DELBRO may fail to find a solution for a variety of reasons:
(1) Initial Jacobian approximation may be singular because of:
(a) poor scaling of variables;
(b) equations are not independent;
(c) poor initial guesses.
The program works best if the independent variables are kept between -1

and +1 and the functions F(I) are kept near 1.0. Dr. Perkins (7) has suggested
transformations of the type

>
]

(Xi-a) /b

Hh
[}

fi/c

(2) Bounds may impede progress towards a solution. It may be that a solution

does not exist within the bounds, or, a poor starting point may have
been chosen.

(3) The dimensions NW, NB are too small., See listing of program for re-
quirements.

(4) The program may not have converged to the precision specified (ERROR)
within the maximum number of iterations specified (MAXIT).

The subroutine BOUNDR checks the values of X, calculated against the boundary
3 values supplied by the program, sets INFO = (KOND} equal to 5, writes out a warn-
ing and returns control to DELBRO which, in turn, returns control to SIMICE.

Subroutine GJINV inverts the preliminary Jacobian matrix.
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FUNCTIONS DENL, PS¢, CW

Function DENL calculates the density of 1liquid water (g/cc) from ~-50°C to
+50°C. It is based on data and equations given by KELL (4). Below ~20°C the ,
results are extrapolated. ;

Function PS@ calculates the vapor pressure of ice (Kilopascals). It is
based on the work of Arnold Wexler(13).

Function CW calculates the heat capacity of liquid water in the range -50°C
to +40°C. It is based on data from Smithsonian Meteorological Tables (10).

FUNCTIONS MUMIX, KMIX, NPRMIX

Function MUMIX calculations the viscosity of air-water vapor mixtures. It
is based on equations (9-3.9) and (9-5.4) of Reid, Prausnitz and Sherwood(9).

Function KMIX calculates the thermal conductivity of air-water vapor mixtures
from equations (10-4.1), (10-6.1), (10-6.2) and (10-6.3) of Reid, Prausnitz and
Sherwood (9) .

Function NPRMIX calculates the Prandtl number of air-water vapor mixtures.
It uses KMIX, MUMIX and heat capacity data on air from (5) and on water vapor
from (3).

FUNCTIONS LAMDAS, EM, EMC and EMS

Function subprogram LAMDAS calculates a value of A/AS for a given value of
the drop Reynolds number Np,p. The equations it uses are based on data tabulated
in reference (11).

Function EM calculgtes the collection efficiency, Ep. It first calculates

a value of K = 2/90yVoD"/(uzLe), the Reynolds number and K, = LAMDAS(NR.)*K. It
. then calls on EMC to calculate Ep for a cylinder, EMS to calculate E; for a sphere,
1 or EM@@12 to calculate Ep for a NASA 0012 airfoil.

Functions EMC, EMS and EM@@12 are based on equations obtained from curves
) given in references (1 , 11).

This set of Programs should be replaced by a procedure which integrates the
3 basic differential equations (12) to obtain the collection efficiency, En .

FUNCTIONS HC, QA

Function HC calculates the heat transfer coefficient he from equations given
in (14).

Function QA evaluates the heat flux as given by equations in Messinger (6).




--.-
]

10.

11.

12.

13.

14.

References

Bowden, D.T., A.E. Gensemer and C.A. Skeen, Engineering Summary of Airframe

Icing Technical Data, FAA ADS-4 (1964).

Broyden, C.G., Math. of Computation, 19, 577-593 (1965).

JANAF Thermochemical Tables (NBS), 2nd Edition (1970).

Kell, G.S., J. Chem. Eng. Data, 12, 66-69 (1967).

Kothandaraman, C.P. and S. Suframanyan, Heat and Mass Transfer Data Book,
Wiley (1975).

Messinger, B.L., J. of Aeronautical Sciences, 20 (#1), 29-42 (1953).

Perkins, J.D., Private Communication, August 1980.

Pfeifer, G.D. and G.P. Maier, Engineering Summary of Powerplant Icing Tech-
nical Data, FAA-RD-77-76 (AD/A-045 087) (1977).

Reid, R.C., J.M. Prausnitz and T.K. Sherwood, The Properties of Gases and
Liquids, 3rd Edition, McGraw-Hill (1977).

Smithsonian Meteorological Tables (1951).

Sogin, H.H., A Design Manual For Thermal Anti-Icing Systems, WADC-TR 54-313
(AD 90156) (1954).

Tribus, Myron, G.B.W. Young, and L.M.K. Boelter, Trans. A.S.M.E., 70, 917-
982 (1928).

Wexler, Arnold, J. of Research of the National Bureau of Standards, 814,
5-20 (1977).

Whitaker, S., Elementary Heat Transfer Analysis, Pergamon (1976).




I

-~ r———

— e ———

8
DATA INPUT
Data input is from a file named ICE°'DAT. The input 1is unformatted: each
number should be separated from others by commas or at least one space, Form
and meaning of the input are shown in the following table:
Variable Variable
Record Name Type Significance
1 IB Integer Body type = 1 for cylinder
= 2 for sphere
= 3 for 0012 NASA Airfoil
1 IH Integer Heating condition = 1 No heat input
= 2 Heat input
1 R Real Scale~-up Ratio = (LC)m/(LC)p
1 LC Real Prototype characteristic dimension, cm
1 IPRINT Integer Variable controlling printout by
DELBRO = ~1 No printing
= 0 Final results only
= 1 X + F on every iteration ,
= 2X+F + W on every iteration J
2 TMS Real Prototype surface temperature, °C
2 ™ Real Prototype free stream temperature, °C
2 PM@ Real Prototype free stream total pressure, Kp
2 VM@ Real Prototype free stream velocity, meter/sec.
2 OMEGA Real Model(and prototype)specific humidity
= (Kg water vapor)/(Kg moist air)
2 LWC Real Liquid Water Content, g/(cubic meter)
2 DM Real Model droplet diameter, microns
2 LIM Integer Program Control parameter: 1If ;
LIM = -1 =--- end of run
# -1 ——- expects another set of data
3 TFS Real Model surface temperature, °C
TF@ Real Model free stream temperatue, °C
PPQ Real Model free stream pressure, KP
4 X (1x_
X (2)"“:f:¢’Rea1 Initial values of ratio variables for
X ()= BROYDEN

AT N T oL Ro N i
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Variable Variable
Record Name Type
5 &6 BOUND(1)
BOUND(2) Real
BOUND(6)

et g P s e

Significance

Boundary values for the X(I) variables:
Lower bounds in BOUND(1), BOUND(2), BOUND(3);
Upper bounds in BOUND(4), BOUND(5), BOUND(6)

A sample set of input data is given on page 10 .

. . ..
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DATA OUTPUT

Output from this program is illustrated on the following pages. The first

set of output is the principal output which comes out to a terminal or line printer.
The second set shows the intermediate results which can be written out to the file
DELBRO.DAT. The third set shows various intermediate results which can be written

out to the file SIMICY.ERR.

0
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FROGRAM SIMICE
28-JAN-31

RUN NUMBER= 1 HROYDEN CONVERGFED AFTER 15 CALLS
HODEL AND FROTOTYPE BODYI!CYLINDER
FROTOTYFECINFUT: COMNDITTIONS?

t LC = FROTOVYPE CHARACTERISTIC UTIMENSTON= 4.,76CH
TMS= FROTOTYPE SURFACE (ENMFER&TURE= 0.00C

TMO= FPROTOTYFE FREF STREAM TEMFERATURE = -10.00C
PMO= FRUOTQTYFE FREE STREAM 190TALL FRFSSURE= 47.00KF

UMa= FPROTOTYFE CREF STREAM VELOCTTY= 116.79METER/SEC
LWC= PROTOTYFE L WU WATER CONTEAT= 2.05GRAMS/CURTIC METER
M = FROTUTYPE UROUFLFT DIAMFTER= 32.06IMICRONSG

HONEL. CUNDLTONS?

LCF= MONE! UCHARANTERTLTIC DIMENSION: 2.,000H
TFS= MODEL SURFACE TEMFPERATURE= 0.00C
TFQ= MODFL STRFAM TEMPFERATURE:= -16.00C
FFO= MOUE). STREAM TOTAL FRESSURE= 47 .,00KF
VEO= MOTEL FREF STREAM VFLOCTTYV: 246 . 01METER/SEC
LWEF= MOLGFL LIGOIL WATER CCHTENT= 2,49GRAMS/CURIC MFTER
LF=MNEL WATER NRAPLY{ ODIAMFE VER= J0.00MICRONT
NHE A= Do 3GE -0 (KRG H2N VAFORY/{KG MOIST AIR:
Ritph NEMREER=: 2 BROYDEN CUNVERGED AFTER 15 CALLS

MOTFL AND PROTOTYRE RODYICYL THEER
SROTOGYFPECTNFUT Y CONDTTIONG?

C = PROTOTYHF CHARACTERILTIN RUMENSTON= 4,76CM
TMS8= PROTDTYFE SURFATE TFMFFRATUFRE= 0,00C

THO= FROTUTYFE FREE ST<FAM TEMFERATJRE= -10.00C
HMO= FROTO!VHE FREE STREAM TUTAL FRESGURE= 47.00KF

VHO= PROTRT (R FREL STREAM VFLOCIYY - 120, 00MFTER/SEC
LWE= PROTHIYPE LPUUTD WATER CONTENT= 2,056GRAMS/CURIC METER
L o= PROTOTYFE DROPLET DITAMFTER= J2.03MICRONS
MODEL CUONDITONSS

LEF= MODEL UHARACTERISTIC DIMENSTON= 2.00CH
TFS= MODEL SURFACE TEMPERATURI= G.00C
14 0= MDDEL STREAM TEMFERATURF= ~-10.00C
FRro= MODEL STRFEAM TOTAL FRESSURE: 47 .O0KF
VFO= MODEIL. FREY STREAM VELOCTITY= 98.93METER/SEC
LWECF= MOUEL LYQUTID WATER CONTENT= 2.49GRAMS/CURIC METER 4
DF=MOLEL WATER URDFPLET DIAMETFR= 19.97MICRONS
IMEGA= G+4C00E~O2(KE H20 VAFUR) /(KL MOIST AIR)

FUN NUMBER= 3 RROYDEN CONVFRGET AFTER 14 CAlLS

MODEL AND PROTOTYFE RONYICYLINDER
PROTATYEFITHROTY SAMTTTIANG S

' . vy
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ThO=
FMO=
VMO
| W=
M =

LUF=
TFS=
TFQ=
FEO
VFQ=
LUCE =
LF =M}

Ot =

RUN

L=
Td==
S TR
PG =

s

Lk =
TF&s
b=
FRO=
R O § P
LWCE =
HE =M

LMEGA

RN

LCo=
I'MS=
TMO ==
FHos
VM=
LW =
M =

LLF=
TFg=
Pk G
Fh =

firs sl

LN RN ™ I I W I B S9)
FRUOTOTYPE
FROTUTYRF
FROTOTYEE
FROQTOTYEE
FROTUTYFL

FFEE T
FEE &1
FRVE €T
LoD

NROFLET

HOUFL CuM

LI I N ALV L b Y I VS Y P

REAM TEMFEFATURE=
REaM TOTAL FRESSURE= 47.00KF

REAM VELOCITY=
WATER UONTENT=
UTAMETER:=

NITONS

MOUGEL CHAKACTERISTIC IIMENSIQN=

HOUEL SUFR

FAalE TEM

MONEL STREANM EsP
MOLEL STEEAM TOTA

MONEL FEREE

STREAM

MOGEL IR En Wal
UFI WATFR UORNFLFET DIAMETER=

~

NUMRER =~

DL AGONE L

4 RROYL

MODFY AND

FROTQTYRE

FROATOQT ¢ FE
FRATOTYRE
FROTOT FRE
FRUTUT 7 FF
FROTU o
FLUTTYFE
PRI PE

LHaRADT
"mlfl ‘:l "l
[EREL R
FPE‘ -
Pkt &0
RNt IR

HTONH S

HOTREL CON
MODEL CHARAUTERIS®
MUTDEL  SURFACE TEM
MODEL S VREASH TERMF

MODEL. 319
MODEL FREE

A T0TA

GlRE SR

MOTEL LI eitDn WaT

el WalkR

ESAT WO

= DL ACOOE-CR

NUMBE R =

% RROYN

HODEL AN
CROTOTYPE!

FROTOTYFE CHARACTER]IZYIC DIMENS IDNw

FROTMOTYFS
FRQTUTYE
PHOTOYYRE
PROTGT Y PE
FROTCTYPE

SURFACE
FRFE &T
FREE OT
FREE &1
LIGuIn

FERATURF =

ERATURE=

I. FRESEBURE=
CELOCTITY=

ElCONTENT=

TRGOHTO VAFORY. CFEG

En COHVERLED

LA IRVAYS

-190.00C 13

115, 00METER/SEC
2.056GRAMS/CURIC MFTER
uh.OJMICRONC

2.00CH
J.,00C
-1¢.,00C
47, 00KF
%4.37METER/SEL
2. S0GRAMS/CURIC METER
A0 02MICRONS

MOLET 4Lk

FROT 3% E RODYTIDYL TNDER

CLNPFLY Y CORLITIONS!
EWlET 0 DUMENSTON=

PEMEE e U -

REa™ TEHMPTRATURE =

1.760CH
DL a00
-10.00C

RE™M Tavral PRESSURE= 47 ,00KF

SEAN VR LACT Ty
WATFIR CAONTER =
NTGHMETFR=

nprops:

TIN DIMAEMEZINAN=
FERETUSE =

LRATYURE =

I FRESSURE =
LELIT =

EF CONTENT=
ULEMETFR=

HGOH2D VaPGRY S {RE

EN CONVERGED

117, 00METFR.SFLU
T OSGRAMS/CURIC METE!R
3 03MICRONS

e QO0M

3.00C

47 00K

87 30METFR/SEL
JEIGRAMES S CURLC METEI

20.07MICRUONYG

40rsy AR

AFTER 13 Call

FROTOTYFRE Hﬁﬂf:CYtINUER

THRFUTY CONDITTNNS

TEMFERATURE =

REAM TEMFEFATHRE=

4,76CM
CL 000
~10.90C

REaM TOTAL FRESSURE= 47, 00KF

hiam VWFLOCT Yy
WATER COMTEMT=

FROTOCYPE

MOUEL
MCOLEL

Mo

CHARACTE

SURFaCE

NEQOF B

CONDITONSG
RIBTIC DIMENSION=
TEMFERATURE

NIAMETER:=

100, 00METER/SEC
2.O5GRAME SCURTC METER
T2.03MICRONG

2.00CM
c.o0nC

MOnEL STRE&Y

TEMFERATURF =

=10,

ooc

Pl

YR AR FE L]

STREAM TOY A

L Y R R I V)

FRE

H3URE =

YT T v
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